Atrial fibrillation (AF), the commonest cardiac arrhythmia, has been strongly linked with arrhythmogenic sources near the pulmonary veins (PVs), but underlying mechanisms are not fully understood. We aim to study the generation and sustenance of wave sources in a model of the PV tissue.
Introduction
Atrial fibrillation (AF) self-perpetuates by multifactor electrical remodelling in the atria, which can explain the high prevalence and treatment-resistant nature of this commonest sustained arrhythmia. The myocardial sleeves of the pulmonary veins (PVs) extending into the left atrium (LA) have been recognized as the primary sources of high-frequency electrical activity during AF, and PV ablation is routinely used to terminate AF clinically. 1 -3 However, mechanisms by which the PVs can sustain arrhythmogenic activity are unclear, and its clinical treatments have significant intrinsic limitations. 3 Experimental 4,5 and computational 6, 7 studies of the PV sleeves in animal models reveal substantial electrical heterogeneities and complex arrangements of myocardial fibres resulting in conduction discontinuities and unstable re-entrant waves. Similar activation patterns have been observed at the PV-LA junctions during catheter mapping in AF patients, 8, 9 leading to suggestions that high-frequency activity in the PV can be sustained by re-entry. 2, 3, 8 Stable re-entrant patterns have recently been simulated using computational models of the human atria: 10 the study has demonstrated effects of electrical remodelling on AF self-perpetuation by re-entry, but did not consider anisotropy of the PVs. Multiple experimental studies have shown that AF-induced electrical remodelling is characterized by decreases in atrial action potential duration (APD), 9 -11 which are associated with underlying changes to the expression of several membrane ion channels reported both in dog 11, 12 and human. 13 -15 At the tissue level, remodelling has also been linked with down-regulation and heterogeneous expression of connexin proteins that form intercellular gap junctions (responsible for the AP conduction), as well as the presence of severe fibrosis and fibre disorganization. 16 -18 The latter factors may contribute to decreases in the AP conduction velocity (CV) 19 and increases in conduction anisotropy 4 during AF.
A lack of mechanistic understanding of factors underlying AF onset and evolution may explain relatively low success rates in its clinical treatment, with 30-50% recurrence even after expensive ablation and cardioversion procedures. 20, 21 Available anti-arrhythmic drug therapies for AF also have moderate effectiveness and risk of life-threatening proarrhythmic complications. 22 Knowledge of the underlying mechanisms may assist in tailoring the drug therapies to the evolving AF dynamics, and hence in increasing the efficacy and safety of pharmacological treatments for various AF cases. Biophysically detailed models can help to dissect such electro-pharmacological mechanisms. 23 -25 In this study, we apply a detailed electrically heterogeneous and anisotropic model of the canine PV region 6 to (i) incorporate effects on ion channel and gap junction remodelling seen in chronic AF in dog; 11, 12, 19 (ii) investigate the evolution of arrhythmic re-entrant substrate for AF due to such effects, and (iii) dissect potential pharmacological interventions that can terminate the re-entrant activity.
Methods

Single cell models
The Ramirez -Nattel -Courtemanche 26 model is used to simulate the ion channel currents contributing to the AP of a single canine atrial myocyte. This model is modified to incorporate detailed the current density data specific to the canine LA and PV cells ( Figure 1 and Table 1 ), as in a previous study. 27 The resultant AP in the PV cell has a shorter APD and more positive resting potential than the LA cell ( Figure 1B) . Atrial fibrillation-induced electrical remodelling is also incorporated into the model based on experimental ion channel current measurements from dog 12 ( Table 1) . This involves a reduction of the conductance of the L-type calcium channel current, I CaL , by 50%, a reduction of the conductance of the transient outward potassium channel current, I to , of 55% and an increase in the conductance of the voltagedependant potassium channel current, I K1 , of 100%. Such modifications are consistent with those observed in human, wherein there are more available data. 10, 14, 15 A previous study has demonstrated the important role that remodelling of the ultra-rapid potassium channel current, I Kur , may play in the behaviour of AF in electrophysiologically heterogeneous human atrial tissue. 10 Because I Kur is atrial-specific, it may be particularly relevant to drug studies where it can be targeted without any adverse effects on the ventricles. Therefore remodelling of this ion channel is also included in the canine cell models. Due to a lack of available canine data regarding remodelling of this current, a 50% reduction of I Kur (Table 1) is incorporated, which is consistent with data from human. 28, 29 Ion channel remodelling shortens the APD of both cell models (Table 1) and reduces the LA-PV heterogeneity.
Three-dimensional tissue model
To simulate electrical activity in the PV at the tissue scale, a previously developed three-dimensional (3D) anatomical model of the canine PVs and inter-pulmonary region of the posterior LA 6 is used ( Figure 1A ).
This model includes fine details of the fibre micro-architecture in this region, attained from high-resolution micro-CT images ( Figure 1C and D). Details of the reconstruction have been described previously. 6, 30 Importantly for this study, abrupt changes in the fibre arrangements are observed at junctions of the PVs and LA, such as the ostium of the left superior pulmonary vein (LSPV) ( Figure 1D ). Similar abrupt changes have been observed in experimental electro-anatomical studies. 4, 31 Action potential conduction is simulated by solving the mono-domain equation 32 on a 3D tissue geometry grid, as described previously. 6, 33 Conduction anisotropy, defined as the ratio between diffusion coefficients (characterizing electrotonic cell-to-cell coupling) in the longitudinal and transverse fibre directions, is 16 : 1 in the PVs and 10 : 1 in the LA. These correspond to experimentally validated CV values in the PV and LA tissue regions. 6 Cell-to-cell coupling reduction is introduced by decreasing the diffusion coefficients by 50%. This corresponds to the abbreviation in AP conduction velocities associated with AF, experimentally observed to be around 10 -40% in various stages of remodelling. 17, 18 In the 3D model, this resulted in decreases of the maximum longitudinal CV from 1.25 to 0.75 m/s and the minimum transverse CV from 0.31 to 0.21 m/s. Note that atrial tissue remodelling can be underlain by multiple pathophysiological factors, such as down-regulation and heterogeneous expression of gap junction proteins, atrial dilatation, and fibrosis. However, establishing links with the specific factors was beyond the scope of this study.
Vulnerability to re-entry
Vulnerability to the initiation and sustenance of re-entrant waves underlying AF is analysed by measuring the time vulnerability windows to What's new? † Electrophysiologically and anatomically detailed 3D model of the pulmonary veins developed to study the effects of electrical tissue remodelling and anti-arrhythmic drugs; † Electrical heterogeneity and conduction anisotropy of the pulmonary veins both contribute to the generation of pro-arrhythmogenic conduction blocks and wave breaks; † Cell-to-cell coupling reduction decreases the conduction velocity and increases the likelihood of wave breaks, but the linked wavelength decrease is not sufficient for sustained re-entry; † Ion channel remodelling (associated with atrial fibrillation) substantially decreases the action potential duration and wavelength, and therefore promotes the sustenance of re-entry; † Potassium channel current blockers can terminate re-entry by increasing the action potential duration and wavelength, but promote wave breaks by increasing electrical heterogeneity; † Amiodarone can both terminate re-entry and reduce the likelihood of wave breaks by substantially decreasing tissue heterogeneity and vulnerability to conduction block.
conduction block leading to (i) at least a single wave break (VW CB ) and (ii) re-entry sustained over several rotations (VW R ). An S1-S2 pacing protocol is applied to a site combining substantial electrical heterogeneity (such as the LA-PV junction seen in Figure 1A ) and structural anisotropy (such as the LSPV region indicated in Figure 1D ), as has been suggested in previous studies in canine, 6 human 10,33 and rabbit. 34 Three S1 stimuli are applied at a cycle length of 280 ms, followed by a short-coupled S2 stimulus. The range of S2 stimuli coupling intervals for which an AP can propagate in one region (such as the PVs) but is blocked in the other (LA) is considered as the VW CB . Within this window, the range of S2 stimuli coupling intervals for which this conduction block develops into sustained re-entry (lasting more than 4 s 10 ) is considered the VW R .
Vulnerability windows are assessed in multiple conditions to dissect the relative roles of ion channel remodelling, reduced cell-to-cell coupling, electrical heterogeneity and structural anisotropy in the development of re-entry. The following conditions are considered: control, full Ion channel current densities and APDs for the PV and LA cell models under control and full remodelling conditions. Simulated values are in good agreement with the respective experimental values 12 shown in brackets. Note that the current density of I Kur (step current) in control is the same as in the original paper by Ramirez et al. 26 The current density of I Kur in remodelling conditions is halved as seen in human atrial cells. 10 electrical remodelling (ion channel remodelling and cell-to-cell coupling reduction), ion channel remodelling only, cell-to-cell coupling reduction only, full remodelling without heterogeneity and full remodelling without anisotropy. Heterogeneity is removed by considering all 3D tissue geometry points as PV cells. As a result, differences in both the APD and resting potential between the LA and PV tissue ( Figure 1B) are eliminated. Anisotropy is removed by setting the anisotropy ratio to 1 : 1 and adjusting the diffusion coefficient such that the overall activation time is comparable to control. 6 
Pharmacological effects
Models also incorporate the effects of pharmacological ion channel blockers, to study their potential effectiveness in the prevention and termination of re-entry. Up-regulation of I K1 associated with AF-induced remodelling has been shown to be a primary factor in the APD abbreviation. 35 Hence, this current provides a natural target for reversing the effects of AF-induced electrical remodelling. Due to the atrial-specific nature of I Kur , this channel also presents an attractive target for a potential treatment of AF. Along with I K1 and I Kur blockade, we also investigate effects of amiodarone, an exemplary multi-channel blocker that has proved effective in the treatment of AF. 36 Effects of I K1 and I Kur blockers are simulated by reducing their conductances by 50% each. Effects of amiodarone are simulated by reducing the conductance of I CaL and I Ks by 40 and 50%, respectively. 37, 38 Drug effects on the APD and its heterogeneity between the PV and LA cells are summarized in Table 2 .
To study the relative effectiveness of various pharmacological agents on the prevention of re-entry in different AF cases, we quantify their effects on the VW CB and VW R in two conditions: (i) full remodelling and (ii) cell-to-cell coupling reduction only. In these two cases, the pharmacological effects are introduced from the beginning of the respective simulations. To study the effectiveness of various pharmacological agents in the termination of re-entry, their effects are introduced in a separate set of simulations after 4 s of sustained re-entrant activity.
Results
Generation of wave breaks and re-entry
Pacing in the anisotropic and heterogeneous site near the LSPV resulted in various patterns of wave propagation through the PV region ( Figure 2) . These simulations show that all factors considered (ion channel remodelling, cell-to-cell coupling reduction, heterogeneity, anisotropy) are important in the initiation and sustenance of re-entry. Each of these factors alone can result in conduction block and wave breaks, although activation patterns ( Figure 2 ) and VW CB (Table 3) are quantitatively different. However, only the combination of these factors can result in sustained re-entry (Table 3 ). In such a combination, electrical heterogeneity and anisotropy promote a relatively large VW CB , ion channel remodelling results in a decreased effective refractory period (ERP, linked to the APD), and coupling reduction results in a decreased CV. The short wavelength (WL ¼ ERP × CV) promotes the development of sustained re-entry from the initial conduction block and wave breaks.
In control (Figure 2A) , conduction block of a wave spreading from the LSPV towards the LA occurs within a large VW CB (18 ms, Table 3 ). However, the relatively fast CV and long wavelength (0.78 m/s and 171 mm, respectively) prevent the wave breaks from re-entering the LSPV region and generating a complete re-entrant circuit. With full remodelling ( Figure 2B) , the same pacing protocol can generate sustained re-entry. The combination of remodelled electrical heterogeneity (5 ms, Arrhythmogenic wave dynamics in pulmonary veins substantial VW CB (7 ms, Table 3 ), whereas the decreased velocity and wavelength (0.47 m/s and 49 mm, respectively) allow for the wave breaks to complete and sustain a re-entrant circuit. The mechanisms of transition from the initial conduction block to sustained re-entry (through specific re-entrant conduction pathways) are discussed in the next section.
With cell-to-cell coupling reduction only, re-entry cannot be initiated ( Figure 2C ). The CV is clearly reduced compared to control (see in Figures 2A and C ) , but the wavelength is not further reduced due to he absence of ion channel remodelling (Table 3) . Therefore, the PVs do not fully recover at the time the wave returns to the region of initial conduction block, and re-entry fails. With ion channel remodelling only ( Figure 2D ), sustained re-entry cannot be initiated. The short APD (Table 2 )-and hence, decreased ERP and wavelength (Table 3 )-allows for a single re-entrant circuit to be completed, but the relatively fast CV due to the intact cell-to-cell coupling means the wavelength is still too long to permit sustained re-entry. Hence, quick self termination of the reentrant circuit occurs. Note that VW CB is much wider in the cell-to-cell coupling reduction case compared to ion channel remodelling (Table 3) , and hence the reduced coupling is more favourable for the generation of wave breaks ( Figure 2C) . However, ion channel remodelling is more favourable for re-entry ( Figure 2B and  D) . Each component of full electrical remodelling provides more substrate for re-entry than control.
Both electrical heterogeneity and anisotropy contribute to the generation of conduction block and the propagation pattern promoting sustained re-entry ( Figure 2E and F ) . Thus, the largest VW CB and VW R are observed in the full remodelling condition in the presence of both anisotropy and heterogeneity: if either heterogeneity or anisotropy is removed, VW CB is decreased and VW R largely disappears (Table 3) . If heterogeneity is removed, the abrupt fibre angle change observed at the junction of the PVs and LA by the LSPV ( Figure 1D ) is sufficient to result in a conduction block in this region ( Figure 2E) . Within a very small window (,1 ms, Table 3 ) this conduction block can develop into sustained re-entry. When anisotropy is removed, sustained re-entry cannot be initiated ( Figure 2F ). Note that VW CB is very similar in the anisotropic and homogeneous cases (Table 3) . Therefore, both the fibre arrangement and electrical heterogeneity may play an equally important role in the development of wave breaks.
Transition from wave breaks to re-entry
Transition from wave breaks (arising from a conduction block near the PVs) to stable, sustained re-entry is illustrated in Figure 3 . Primarily, an S2 stimulus applied near the LSPV results in the AP propagating within the PVs, but blocked from entering the LA (Figure 3Ai) . As described in the previous section, the conduction block occurs at the LSPV site that combines large electrical heterogeneity and anisotropy. The wave propagates around the block line to the superior part of the LSPV and the inferior part of the LIPV (Figure 3Ai) . These directions are largely determined by the fibre orientation patterns seen in Figure 1C and D. The AP propagates along fibre bundles wrapped around the LSPV and LIPV, eventually entering into the LA from the posterior and inferior directions (Figure 3Aii) . The time needed for the waves to propagate around the PVs is sufficient for the LA tissue to recover, hence allowing the waves to propagate into this region (Figure 3Aiii) . The wave then propagates back towards the site of initial conduction block, where it re-enters the PVs and travels towards the initiation site (Figure 3Aiii and iv) . Afterwards, the same re-entrant pattern is repeated, with the waves following the same conduction pathways around the LSPV and LIPV ( Figure 3B ). This transitional re-entrant pattern is observed within the first second of simulation (Figure 3Ci) . However, after several seconds only a single dominant re-entrant wave is sustained around the LIPV (Figure 3Cii) , whereas the second wave is suppressed.
Anti-and pro-arrhythmic drug effects
Application of each ion channel blocker had a significant effect on the wave behaviour. Sustained re-entry initiated in the full remodelling condition (Figure 3) stable re-entrant rotation. Sustained re-entry could not be generated in the full remodelling condition with the application of either I Kur or I K1 channel blockers or amiodarone (Table 3) at the start of 5 s simulations. However, effects of the pharmacological agents on the generation of wave breaks were different. Blocking either I Kur or I K1 increased the wavelength, but also increased the extent of the VW CB (Table 3) . Thus, blocking I Kur and I K1 increased the VW CB from 12 to 17 and 22 ms, respectively. Therefore, both these channel blockers displayed anti-arrhythmogenic effects through increasing the wavelength and decreasing the likelihood of sustained re-entry, but pro-arrhythmogenic effects through increasing the electrical heterogeneity ( Table 2 ) and likelihood of conduction blocks and wave breaks ( Table 3 ). Note that conduction block lines and multiple wavelets have been linked primarily with chronic AF. 39, 40 Amiodarone was the only drug considered without apparent pro-arrhythmogenic effects. Apart from preventing the generation and sustenance of re-entry (see above), it also substantially decreased the VW CB from 12 to 4 ms (Table 3) , therefore decreasing the likelihood of wave break generation. This is consistent with the clinically observed superiority of amiodarone over other drugs used for AF treatment. 15, 24, 36 The underlying electrophysiological mechanism can be based on the reduction of APD differences between the PV and LA cells by amiodarone ( Table 2 ). As shown above, such electrical heterogeneity is important in the generation of both wave breaks (Table 3) and re-entry ( Figure 2E) . Note that the same drugs can result in different wave behaviours in different AF cases-thus, drug effects in the cell-to-cell coupling reduction only case result in very different ERPs and VWs (Table 3) .
Discussion
Simulations of a biophysically detailed 3D model of the canine PV region show that a combination of factors is needed to generate reentrant waves: (i) electrical heterogeneity and conduction anisotropy can lead to pro-arrhythmogenic conduction block lines and wave breaks; (ii) cell-to-cell coupling reduction decreases the CV and increases the likelihood of such wave breaks, but does not provide a substrate for sustained re-entry; (iii) ion channel remodelling decreases the ERP and promotes the sustenance of re-entry; (iv) I Kur blockers can prevent the generation of transient re-entry, but cannot prevent the generation of wave breaks or terminate sustained re-entry; (v) I K1 blockers can effectively eliminate re-entrant substrate by substantially increasing the ERP, but also increase the likelihood of pro-arrhythmogenic wave breaks by increasing the electrical heterogeneity; and (vi) amiodarone can both eliminate reentrant activity and decrease the likelihood of wave breaks. These results are in agreement with previous experimental and computational studies. Blockers of repolarising K + channel currents are known to reduce effectively the re-entrant substrate size by increasing the APD and wavelength. 24 However, currently available anti-arrhythmic drugs are only moderately effective in preventing or terminating AF, and may also exert adverse effects. 15 Our study may explain such adverse effects by the increases of the VW CB and the likelihood of wave breaks in response to blocking I K1 and I Kur . Such wave breaks (rather than re-entry) have been linked with chronic AF. 39, 40 This may explain experimental data showing that the inhibition of I Kur can actually promote the induction of AF. 41 Our simulation results may also provide mechanistic insights into the clinically observed superiority of amiodarone over other drugs used for AF treatment, 15, 24, 36 as amiodarone uniquely reduces the likelihood of both re-entry and wave breaks (Table 3) . Results in this study are consistent with those of a previous computational study in humans. 10 In both studies, ion channel remodelling decreased but did not eliminate regional heterogeneity. The presence of electrical heterogeneity (Table 2 ) combined with the short wavelengths (Table 3 ) associated with both ion channel remodelling (decreased ERP) and cell-to-cell coupling reduction (decreased CV) promoted the development of stable high-frequency re-entrant circuits in both studies. Another previous study allowed for the first detailed investigation of the role of fibre anisotropy in the development and behaviour of re-entrant circuits in the PVs. 6 This study built upon the previous results 6,10 by combining detailed electrical heterogeneity and anisotropy in the PV region 6 with electrical remodeling, 10 as well as the pharmacological effects. 37 The results obtained allow us to dissect factors responsible for various aspects of wave dynamics underlying AF. Interestingly, our new results for the first time clearly demonstrate that abrupt changes in fibre angle alone can produce conduction blocks, wave breaks and sustained re-entry (Table 3) . Moreover, conduction pathways determined by the fibres provide the substrate for sustaining re-entry ( Figure 3) . These results are also supported by test simulations where the LA (rather than the PV) was fast-paced under the full remodelling condition. As a result of such pacing, an area of conduction block was observed between the LA and PV regionsthis area had approximately the same location as the conduction block area seen during the PV pacing under same conditions (Figure 2) , indicating the role of local fibre orientation. The VW CB due to the LA pacing (108 -116 ms) was smaller than that due to the PV pacing (103-115 ms), as in the latter case the anisotropy effect was enhanced by the PV-to-LA conduction against the APD gradient. Thus, the likelihood of wave breaks was lower during the LA pacing than the PV pacing, and no re-entry was observed during the LA pacing. More detailed studies are warranted to identify the most likely areas of re-entry initiation and sustenance in the 3D atria.
Limitations
This study considered the PV region only, as AF is commonly associated with this region. 1 -7 However, it is important to consider the behaviour of re-entry within the PVs in the context of the entire atria. This would enable investigation of the evolution of waves driven by the PVs at the organ scale, and would also provide a much larger substrate for wave propagation and re-entry. This may change the effectiveness of the drugs in terminating re-entry in the entire atria. For example, I K1 block was successful in terminating re-entry by increasing the wavelength. Within the small physical substrate of the PVs, the re-entrant wave did not have sufficient space to perpetuate, and hence self terminated. The effect on re-entry perpetuation may be different at the larger whole atria scale. A biophysically detailed model for the entire 3D canine atria is currently being developed. 42 Note also that the regional PV model enables more time efficient study of local tissue properties (such as VW CB ). Similar studies using the entire 3D atria models can be very expensive computationally. It is also important to note a simple nature of the models of drug actions. This study did not consider drug binding kinetics or dose dependencies, 43 as well as potential adverse effects on the other parts on the heart. 22 Such details were not required to achieve the aims of this study. Our simulation results are in good agreement with cell-to-tissue level electro-pharmacological data, 24, 36 and may provide useful insights into the effects of drugs on wave dynamics underlying AF. Moreover, cell-to-cell coupling reduction in this study was uniform, and the CV changes were not linked with AF-induced increases in conduction anisotropy and levels of fibrosis. 16 -18 Careful consideration should also be given to multiple cell electrophysiology factors (such as relative contributions of the APD and resting potential to electrical heterogeneity), as well as differences between the single cell and intact tissue experimental data used in the models. 12, 44, 45 Quantifying all these factors and incorporating them into 3D models could provide a big challenge for both experimental and computational studies of the mechanisms of AF sustenance.
Conclusion
The complexity of mechanisms and large variability in pathophysiological factors underlying AF make it likely that distinctive and often several therapeutic options will be needed for individual AF cases. In this study, we have applied computational modelling for studying the evolution and pharmacological modulation of wave dynamics in the PV tissue under conditions of AF-induced remodelling. Simulation results demonstrated that ion channel remodelling and cell-to-cell coupling reduction both reduce the wavelength and promote the development of stable re-entrant circuits, while preserving the substantial electrical heterogeneity and anisotropy to create the asymmetries necessary for the initiation of wave breaks and re-entry. Elimination of individual factors (such as atrial heterogeneity, anisotropy, ion remodelling, cell-to-cell-coupling reduction) can lead to the termination of re-entry, but multiple wave breaks still persist. Pharmacological modulation of the electrical heterogeneity and vulnerability are also quantified to show that specific drugs that eliminate re-entry (an anti-arrhythmic effect) can at the same time increase the likelihood of wave breaks (a pro-arrhythmic effect). As 3D atrial models incorporate increasingly realistic anatomical and functional parameters linked to the development of AF, this should improve our understanding of electrophysiological mechanisms of complex wave behaviours underlying various AF cases, as well as their pharmacological prevention. 
